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Abstract: Contrary to conventional design methods that assume uniform and slow temperature changes tied to atmospheric 
conditions, single-layer spherical reticulated shells undergo significant non-uniform and time-variant temperature variations due 
to dynamic environmental coupling. These differences can affect structural performance and pose safety risks. Here, a systematic 
numerical method was developed and applied to simulate long-term temperature variations in such a structure under real 
environmental conditions, revealing its non-uniform distribution characteristics and time-variant regularity. A simplified design 
method for non-uniform thermal loads, accounting for time-variant environmental factors, was theoretically derived and validated 
through experiments and simulations. The maximum deviation and mean error rate between calculated and tested results were 
6.1 ℃ and 3.7%, respectively. Calculated temperature fields aligned with simulated ones, with deviations under 6.0 ℃. Using 
the design method, non-uniform thermal effects of the structure are analyzed. Maximum member stress and nodal displacement 
under non-uniform thermal loads reached 119.3 MPa and 19.7 mm, representing increases of 167.5% and 169.9%, respectively, 
compared to uniform thermal loads. The impacts of healing construction time on non-uniform thermal effects were evaluated, 
resulting in construction recommendations. The methodologies and conclusions presented here can serve as valuable references 
for the thermal design, construction, and control of single-layer spherical reticulated shells or similar structures.

Key words: Non-uniform temperature field; Non-uniform thermal load; Non-uniform thermal effect; Single-layer spherical 
reticulated shell; Time-variant environmental factor

1 Introduction 

Because of its robust mechanical properties and 
efficient material strength utilization, the single-layer 
spherical reticulated shell is extensively used in large 
infrastructures. The temperature of such a structure 
varies significantly non-uniformly throughout its life-
cycle, including the construction and service periods, 
due to the dynamic interplay of various environmental 
factors like solar radiation, wind, and atmospheric 

temperature (AT). Previous experiments have revealed 
that under intense solar radiation, the temperature of 
steel components can significantly exceed ATs, with the 
disparity even surpassing 30 ℃ (Liu and Chen, 2016). 
Traditional design methodologies often assume that 
temperature changes in a building structure occur 
uniformly and progressively (MOHURD, 2010, 2012). 
However, this simplification can result in discrepan‐
cies between the design and practical conditions, and 
neglecting the non-uniformity and time-variability 
of temperature changes may pose significant safety 
hazards. Therefore, it is vital to study the changing 
patterns and distribution characteristics of non-uniform 
temperature variations. We see that it is necessary to 
devise an efficient and systematic method for design‐
ing non-uniform thermal loads that would account for 
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multiple environmental factors, and apply it in struc‐
tural thermal analysis.

Previous structural engineering studies on non-
uniform thermal behavior have focused on bridges 
(Zhou and Sun, 2019), components (Liu et al., 2012a), 
and radio telescopes (Greve and Kaercher, 2009). Many 
elements such as radiation, AT, and convective heat 
transfer, complicate the temperature field within bridge 
structures (Xia et al., 2013). Significant thermal effects, 
potentially causing hidden safety issues, can be insti‐
gated by the high time-variance and non-uniformity of 
a bridge’s temperature field (Kim et al., 2015). Ascer‐
taining the distribution and trend of temperature changes 
in bridges plays a pivotal role in guaranteeing their 
safety. In steel components, the temperature is uniform 
longitudinally and across thickness, but displays clear 
non-uniformity cross-sectionally (Liu et al., 2012b). 
Experiments have shown that under specific conditions, 
the maximum thermal stresses of steel components 
can reach 67 and 58 MPa under rigid and hinged con‐
straints, respectively (Chen et al., 2017b). The uneven 
temperature distribution frequently results in pro‐
nounced thermal effects on steel components, which 
is a fact corroborated by extensive research. Non-
uniform thermal deformation, caused by factors such 
as solar radiation and wind, can alter a telescope’s 
geometric shape during operation from its original de‐
sign (Chen et al., 2017a). This discrepancy can nega‐
tively impact the accuracy of reflector surface preci‐
sion and pointing accuracy, thus leading to observa‐
tional errors, as demonstrated in the research involving 
the Five-hundred-meter Aperture Spherical Telescope 
(Fan et al., 2009), Shanghai 65 m Radio Telescope 
(Qian et al., 2016), and the IRAM-30 m Telescope 
(Greve and Bremer, 2010). The thermal analysis and 
control frequently constitute a critical aspect of tele‐
scope design.

As structures with high static indeterminacy, 
spatial structures exhibit considerable sensitivity to 
temperature variations (Chen et al., 2021; Xu et al., 
2021). In the past, numerous scientists have conducted 
studies on various actual spatial structure projects, and 
investigated changes in their temperature during con‐
struction and service periods (Xu et al., 2020). These 
projects include the Tien Rice Cube, China (Liu et al., 
2015), Yujiabu Railway Station, China (Zhao et al., 
2017), Xi’an Silk Road International Convention 
and Exhibition Center, China (Chen et al., 2020), and 

Beijing Daxing International Airport, China (Zhou 
et al., 2020). The research findings indicate that during 
construction, spatial structures directly exposed to solar 
radiation exhibit noticeably non-uniform temperature 
field distributions due to the coupling effects of vari‐
ous dynamic environmental factors, and that during 
service, as a result of factors such as transmission 
properties of roofing materials, thermal conduction 
between the roof and structure, and temperature box 
effect, spatial structures may experience even more 
complex temperature changes and distribution. Thus, 
the design of spatial structures should take into account 
the non-uniformity of temperature changes. However, 
previous research usually analyzed the non-uniform 
temperature change characteristics of one specific 
engineering and its impact on structural performance 
through monitoring and simulation data. As of yet, no 
published paper has touched on the design of non-
uniform thermal loads in spatial structures. The work 
in this paper is intended to fill this research gap, and 
specifically, to provide a simplified design method‐
ology for the non-uniform thermal loads of single-
layer spherical reticulated shells, which is a common 
form of spatial structure.

This study employs a systematic numerical method 
to model the temperature fields of a single-layer 
spherical reticulated shell, taking into account dy‐
namic environmental factors and shadow changes. 
The non-uniform distribution and time-variant pat‐
terns are revealed through simulation. A theoretically-
derived, and experimentally- and numerically-validated 
design method for non-uniform thermal loads is pro‐
posed. The structure’s non-uniform thermal effects 
and the impact of healing construction time on these 
effects are analyzed, resulting in specific construc‐
tion recommendations.

2 Analysis of non-uniform temperature field 

2.1 Numerical simulation method

In this study, a thermal analysis strategy for single-
layer spherical reticulated shells was applied. It repre‐
sents the single-layer spherical reticulated shell using 
a spherical steel skin of the same size and material, 
equating the steel component’s temperature with that 
of the steel skin at the same position. Similar approaches 
have been used in previous studies (Liu et al., 2014, 
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2015). We used a single-layer spherical reticulated shell 
of Q345 steel with a span of 30 m and rise of 12 m, 
built in Beijing, China, as the study object. ANSYS 
was applied for thermal analysis, and Shell57, Link31, 
and Surf152 elements were used to simulate the heat 
conduction, convection, and radiation. Fig. 1 presents 
the simulation process of the temperature field. Na‐
tional Aeronautics and Space Administration (NASA)-
provided data on AT, solar radiation intensity (SRI), and 
wind speed (WS) were adopted as the environmental 
boundary conditions for the process (GMAO, 2015).

2.2 Shadow analysis algorithm

For precise temperature field simulation under 
solar radiation, it is crucial to identify shaded regions 
on the steel skin. In this study, a shadow analysis algo‐
rithm was proposed to address this, which can be 
described as follows:

Step 1: A global coordinate system, OXYZ, is cre‐
ated using geographic and geometric data. The XOY 
plane is parallel to the ground and the X, Y, and Z axes 
point to the west, south, and sky.

Step 2: Solar altitude and azimuth angles are 
calculated using Eqs. (1) and (2); a local coordinate 
system, oxyz, is defined (Fig. 2), with Eq. (3) outlining 
its conversion from OXYZ.

sin αs = sin ϕ sin δ + cos ϕ cos δ cos ψ (1)

cos βs =
sin δ - sin αs sin ϕ

cos αs cos ϕ
 (2)
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where αs and βs are the solar altitude and azimuth angles, 
ϕ, δ, and ψ are the geographic latitude, obliquity of the 
ecliptic, and solar hour angle, respectively, and an‐
gles As=90°−αs and Bs= 270°−βs.

Step 3: Triangular skin elements are projected 
onto the xoy plane (utilizing the sunlight direction) 
with vertex and barycenter coordinates calculated for 
each element.

Step 4: Determine whether it is daytime (αs>0) 
or nighttime (αs<0). If it is nighttime, all elements are 
shaded; if not, continue to the next step.

Step 5: Take one element as the study object. In 
the xoy plane, if the element’s barycenter is located 
within other elements, these are selected for further 
analysis; otherwise, it is a sunlit element.

Step 6: Under the oxyz system, the study object’s 
relationship to the selected elements is evaluated in 
terms of their z-values. If the study object’s z-value is the 
highest, it is a sunlit element; otherwise, it is shaded.

Fig. 1  Simulation process of the temperature field
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Step 7: Steps 4–6 are repeated for all elements to 
decide whether they are sunlit or shaded, thus identi‐
fying the sunlit and shaded regions.

The shadow distribution variations on important 
solar cycle dates are depicted in Fig. 3. Red and blue 
elements denote sunlit and shaded elements, respec‐
tively. The western, northern, and eastern elements are 
shaded during morning, noon, and afternoon, respec‐
tively. At the summer solstice, with the sun closest to 
the structure, daylight is the longest and shadows are 
the smallest; at the winter solstice, when the sun is the 
farthest, daylight is the shortest and shadows are the 
largest; during the spring and autumn equinoxes, shadow 
changes are the same. The analysis accurately mirrors 
real-world shadow effects, affirming the algorithm’s 
accuracy.

2.3 Seasonal temperature variation and distribution

The studied structure’s temperature was simu‐
lated throughout the entire year by utilizing the envi‐
ronmental boundary parameters of Beijing in 2021. 
Fig. 4 shows the variation curves for several tempera‐
ture metrics: the daily maximum and minimum of the 
structural temperature field (STmax and STmin) and those 
of ATs (ATmax and ATmin). STmax peaks at 69.1 ℃ on 
July 7 and STmin hits a low of −19.5 ℃ on Jan. 17, 
while the maximum of ATmax and minimum of ATmin 
reach 37.6 and −18.9 ℃ on June 19 and Jan. 17, 

respectively. The structural temperature exhibits the 
annual range and maximal daily range of 88.6 and 
55.3 ℃, which are 1.6 and 2.5 times higher than those 
of the AT. The variation trends in structural tempera‐
tures and ATs are similar. However, the daily maximum 
of structural temperatures is typically much greater 
than that of ATs. The findings suggest that due to the 
structural temperature’s non-uniformity and the fact 
that it usually surpasses the AT, relying only on the 
latter for thermal load design may not be sufficient.

Tables 1 and 2 itemize the temperature field in‐
formation, namely STmax and STmin, temperature range 
(TR), AT, SRI, and WS, at the moments correspond‐
ing to the top 10 highest STmax and lowest STmin, re‐
spectively. The moments corresponding to the top 10 
highest STmax are usually around noon in the summer, 
when the temperature field information shows the 
following features:

1. The temperature field distribution is non-
uniform, with the temperature differences all exceed‐
ing 32.0 ℃.

Table 1  Temperature field information for the top 10 highest 
STmax

Time

12:00, July 7

13:00, Aug. 7

14:00, Aug. 6

13:00, July 8

14:00, Aug. 10

14:00, June 27

12:00, June 11

14:00, July 9

13:00, Aug. 21

13:00, July 5

STmax 
(℃)

69.1

68.8

68.7

68.5

68.2

67.5

67.1

66.8

65.7

65.6

TR 
(℃)

37.0

35.0

35.7

34.7

33.9

32.3

32.4

33.2

33.5

32.1

AT 
(℃)

30.2

32.6

31.3

32.4

32.9

33.0

33.0

31.7

31.4

32.1

SRI 
(W/m2)

853.8

854.7

770.0

871.4

801.9

802.5

896.0

816.1

802.6

754.3

WS 
(m/s)

0.3

0.8

0.3

1.0

0.7

1.0

1.8

1.0

0.7

0.6

Fig. 4  Variation curves of structural and atmospheric 
temperatures

Fig. 3  Shadow distribution variations on important solar 
cycle dates. References to color refer to the online version 
of this figure

Fig. 2  Conversion relationship between OXYZ and oxyz
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2. The temperature field is higher than the AT, 
with STmax averaging 35.5 ℃ higher.

3. Atmospheric temperatures are high, all above 
30.0 ℃; solar radiations are intense, with all intensi‐
ties above 750.0 W/m2; WSs are minimal, averaging 
only 0.8 m/s.

Conversely, the moments corresponding to the top 
10 lowest STmin typically fall around early morning 
in the winter, when the temperature field information 
exhibits the following characteristics:

1. The temperature field distribution is uniform, 
with no TR higher than 0.3 ℃.

2. The temperature field is below the AT, with 
STmin averaging 0.8 ℃ lower.

3. Atmospheric temperatures are low, all below 
−10.0 ℃; there is no or minimal solar radiation, all 
under 7.0 W/m2 in intensity; WSs are not insignificant, 
reaching an average of 2.8 m/s.

In general, high structural temperatures occur 
mainly at noon in summer with high ATs, strong solar 
radiation, and weak winds, when the temperature field 
is non-uniform and much higher than the AT; low 
structural temperatures occur mainly in early morning 
in winter with low ATs, no or minimal solar radiation, 
and strong winds, when the temperature field is uniform 
and slightly lower than the AT.

2.4 Daily temperature variation and distribution

Figs. 5 and 6 illustrate the time-varying curves 
of the maximum (Tmax), minimum (Tmin), and standard 
deviation (Tsd) of temperature fields on the typical 
days of Jan. 7 and July 7, when the annual minimum 

and maximum structural temperatures are observed, 
alongside the AT, SRI, and WS. At nighttime, Tmax and 
Tmin are nearly equal and marginally below the AT; 
in the daytime, Tmin is slightly above the AT, while 
Tmax is significantly greater than AT. Peaks of Tmax 
are observed at 2.3 and 69.1 ℃ at 14:00 on Jan. 7 
and 12:00 on July 7, respectively, which are 9.7 and 
38.9 ℃ above the AT, respectively. This indicates that 
the structural temperature fields are uniform at night‐
time and non-uniform in the daytime. During the day‐
time, the mean values of SRI and WS are 277.7 W/m2 
and 3.6 m/s on Jan. 7 (with an average Tsd of 2.0 ℃), 
and 412.7 W/m2 and 1.3 m/s on July 7 (with an aver‐
age Tsd of 5.4 ℃). Tsd grows with enhanced solar radi‐
ation when WS is comparable, and conversely, dimin‐
ishes as WS increases with consistent SRI. This sug‐
gests that the non-uniformity of temperature field dis‐
tribution depends on environmental boundary condi‐
tions, exhibiting a positive correlation with SRI and a 
negative one with WS.

Figs. 7 and 8 show the simulated temperature 
fields on typical days and also demonstrate the sun’s 
position relative to the structure. The variation rules 
of temperature field distribution are consistent over 
these two days, shifting as the sun rises and sets. The 
temperature field distribution reveals a distinct gradi‐
ent, with the highest temperatures in areas perpendicular 
to sunlight and the lowest in shaded regions, which is 

Table 2  Temperature field information for the top 10 lowest 
STmin

Time

7:00, Jan. 7

0:00, Jan. 6

8:00, Jan. 8

8:00, Jan. 3

8:00, Dec. 25

8:00, Jan. 5

7:00, Dec. 26

7:00, Jan. 29

8:00, Jan. 9

8:00, Jan. 1

STmin 
(℃)

−19.5

−19.0

−14.5

−12.5

−12.3

−12.0

−11.9

−11.7

−11.0

−10.8

TR 
(℃)

0.2

0.2

0.1

0.3

0.2

0.2

0.2

0.3

0.3

0.3

AT 
(℃)

−18.9

−18.4

−13.5

−11.7

−11.7

−11.4

−10.8

−10.9

−10.1

−10.2

SRI 
(W/m2)

0.0

0.0

5.4

5.0

6.2

5.3

0.0

0.0

5.4

5.1

WS 
(m/s)

4.0

5.3

1.3

1.7

4.5

2.7

2.1

1.8

2.5

2.3

Fig. 5  Simulated temperature fields on Jan. 7

Fig. 6  Simulated temperature fields on July 7

227



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(3):223-237

a pattern attributable to uneven absorption of solar ra‐
diation by the structure’s surface. While the SRI and 
WS determine the degree of non-uniformity in temper‐
ature field distribution, such as temperature field dif‐
ferences of 12.3 ℃ on Jan. 7 and 37.0 ℃ on July 7 at 
12:00, the temperature field distribution pattern relies 
solely on the sun’s position relative to the structure.

3 Design of non-uniform thermal load 

3.1 Theoretical design method

Numerical analysis revealed that the temperature 
field of the single-layer spherical reticulated shell, 
influenced by environmental factors, is significantly 
non-uniform and above the AT. This emphasizes the 
importance of considering these factors in thermal 
load design. As such, this study proposes a simplified 
thermal load design method that accounts for environ‐
mental factors.

Conceptualizing the spherical steel skin as nu‐
merous infinitesimal plane steel plates allows us to de‐
termine the structural temperature field by calculating 
the temperature of the plates. The following section 
outlines the calculation process for any given plane 
steel plate.

The general form of the transient heat conduction 
differential equation for a steel plate exposed to the 
natural environment is expressed as

λ
ρc ( ¶2T

¶x2
+
¶2T
¶y2

+
¶2T
¶z2 ) = ¶T

¶t
 (4)

where λ, ρ, and c are the thermal conductivity, density, 
and specific heat capacity of the steel plate, respec‐
tively, T is the temperature of the steel plate, x, y, and 
z are coordinates of the steel plate, and t is the time.

Addressing the temperature problem requires 
solving the heat conduction differential equation via 
initial and boundary conditions. The initial condition 
defines the steel plate’s initial temperature, while the 
boundary condition outlines the heat exchange at the 
plate’s boundary, as described by:

|
|
||||λ

¶T
¶n

Γ

= q ( t)  (5)

where Γ is the boundary of the steel plate, n is the ex‐
terior normal direction of Γ, and q is the heat flux 
flowing into the steel plate from outside.

Due to steel’s high thermal conductivity, the tem‐
perature gradient across the plate section is negligible, 

Fig. 8  Simulated temperature fields on July 7

Fig. 7  Simulated temperature fields on Jan. 7
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making the heat flux from the interior to the surface 
zero. Hence, Eq. (5) is expressed as

|
|
||||λ

¶T
¶n

Γ

= 0. (6)

On the plate surface, the heat flow loads that 
contain the heat fluxes of convective heat transfer (qc), 
solar radiation (qs), and longwave radiation (q l) are 
reflected as

q = qc + qs + q l. (7)

Convective heat transfer between the plate surface 
and flowing air is computed by

qc = hc(Ta - T )  (8)

where hc is the convective heat transfer coefficient 
and Ta is the atmospheric temperature.

Solar radiation absorbed by the plate surface is 
calculated by

qs = α ( Ibω cos θ + Id Fws + I t Rg Fwg )  (9)

where α is the solar radiation absorption coefficient of 
the steel plate’s surface; Ib and Id are the direct and dif‐
fuse radiation intensities, respectively; I t = Ib + Id is the 
total radiation intensity; ω and θ are the daylight coeffi‐
cient and incidence angle, respectively; Fws and Fwg 
are the sky and ground angle factors, respectively; Rg 
is the surface albedo. ω, θ, Fws, and Fwg are computed by

ω = {0     cosθ ≤ 0
1      cosθ > 0

(10)

cos θ = cos αs cos γ sin φ + sin αs cos φ (11)

Fws = 0.5(1 + cos φ)  (12)

Fwg = 0.5(1 - cos φ)  (13)

where γ is the surface solar azimuth and φ is the tilt 
angle.

Longwave radiation absorbed by the plate surface 
is calculated by

q l = q ls + q lg  (14)

where q l s and q lg are the heat fluxes of sky and 
ground longwave radiations, respectively, which 
are calculated by

q ls = εfσ (T 4
s - T 4) Fws, (15)

q lg = εfσ (T 4
g - T 4 ) Fwg, (16)

where εf and σ are the steel plate surface’s emissivity 
and Stefan-Boltzmann constant, and Ts and Tg are the 
sky and ground temperatures, respectively.

The temperature of any steel plate can be calcu‐
lated using the equations above. Taking several steel 
plates from the structure as the interpolation points, 
we adopted biharmonic spline interpolation to deter‐
mine the temperature field (Deng and Tang, 2011).

3.2 Experimental verification

Experiments were conducted to test the accuracy 
and reliability of the design method. Test platform was 
a rotatable tripod installed with a steel plate, and nine 
platforms (at various angles) to simulate steel plates 
with different orientations within the structure. Real-
time environmental boundary conditions and steel plate 
temperatures are monitored using test equipment, as 
shown in Fig. 9 and detailed in Table 3. Test site was 
on a well-ventilated and sunny rooftop, and the test 
period covered 15 d from July 16 to July 30, 2021. 
Five types of steel plates with different coating colors 
were used, as listed in Table 4 (Liu and Chen, 2016).

Figs. 10–13 presents the comparison between the 
measured and calculated temperatures of some steel 
plates on July 19, when the highest sample temperature 
was observed. The measured and calculated results 
followed consistent trends. At nighttime, measured and 
calculated temperatures were nearly identical, with a 
discrepancy of less than 1.0 ℃, while during the day‐
time, measured temperatures lagged slightly behind 
calculated ones, with calculated temperatures being 

Fig. 9  Test equipment and experimental platforms
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marginally higher and error rising with temperature. 
For the four steel plates, the maximum temperature 
differences between measurements and calculations 
were 4.4, 6.1, 4.2, and 4.6 ℃, with peak error rates of 
8.8%, 9.7%, 8.8%, and 8.7%, respectively. The error 
mainly stemmed from calculating temperatures at 
thermal equilibrium, while tests measured transient 
temperatures. Based on the comparison of measured 
and calculated results, Fig. 14 displays the maximum 
and root mean square (RMS) of temperature differences 

Fig. 12  Temperatures of steel plate 7 on July 19

Fig. 13  Temperatures of steel plate 9 on July 19

Table 3  List of test equipment

Test content

AT

Solar radiation

WS

Steel plate temperature

Data collection

Equipment

Instrument shelter

Solar radiation pyranometer

Three-cup anemometer

PT1000 sensor

Acquisition box

Test range

−40.0–80.0 ℃

0–1500 W/m2

0.00–30.00 m/s

−50.00–200.00 ℃

32 channels

Precision

0.5 ℃

1 W/m2

0.01 m/s

0.15 ℃

–

Fig. 10  Temperatures of steel plate 3 on July 19

Fig. 11  Temperatures of steel plate 5 on July 19

Table 4  Test information for the five types of steel plates

No.

1

2

3

4

5

Finish coating 
color (RAL)

Red (3020)

Gray (7045)

Green (6017)

Yellow (1033)

White (9003)

Solar radiation 
absorption coefficient

0.66

0.75

0.68

0.45

0.32

Experimental 
period

July 16–18

July 19–21

July 22–24

July 25–27

July 28–30

RAL is a globally recognized color matching system, originally developed 
in Germany, which provides a standardized palette of colors for use 
in various industries such as manufacturing, architecture, and design
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and error rates for all tested steel plates on July 19. At 
13:00, the maximum and RMS of temperature differ‐
ences reached peaks of 6.1 and 4.4 ℃, and those of error 
rates achieved peaks of 9.7% and 8.3%, respectively. 
The mean values of temperature differences and error 
rates throughout the day for these steel plates were only 
1.5 ℃ and 3.7%. In summary, the calculated results were 
in agreement with measured results, which verified 
the accuracy and reliability of the design method.

3.3 Numerical verification

The calculated temperature fields on the typical 
days are shown in Figs. 15 and 16. Figs. 17 and 18 
presents the variation curves of the maximum and 

minimum of the simulated and calculated temperature 
fields on the typical days. The simulated and calculated 
temperature fields shared distribution patterns, and the 
calculated results accurately echoed the impact of solar 
motion. For the six moments, the calculated maximums 
exceeded simulated ones by 1.1–5.9 ℃, and minimums 
were 0.8–1.8 ℃ higher, with greater calculation error 
observed in the summer temperature field compared 
to the winter one. The calculated results have the same 
pattern of variation as the simulations, with slightly 
higher values for the former; the difference between 
the two is relatively small at nighttime and more sig‐
nificant in the daytime. On Jan. 7, the simulated maxi‐
mum and minimum were higher than the calculated 
ones by an average of 0.6 and 0.8 ℃ at nighttime, 
and by 2.1 and 0.8 ℃ in the daytime, respectively; the 
differences between simulated and calculated maxi‐
mums, and simulated and calculated minimums peaked 
at 2.1 and 2.3 ℃, respectively, at 10:00. On July 7, the 
calculated maximums and minimums were, on aver‐
age, higher than the simulated ones by 0.8 and 1.2 ℃ 
at nighttime, and by 3.1 and 1.7 ℃ in the daytime, re‐
spectively; the largest differences between simulated and 
calculated maximums, and simulated and calculated 
minimums were 5.9 and 3.3 ℃ at 12:00 and 10:00, re‐
spectively. In general, the consistency between simu‐
lated and calculated results confirmed the precision and 
reliability of the design method.

Fig. 14  Temperature differences and error rates between 
measured and calculated results on July 19. Max: maximum

Fig. 15  Calculated temperature fields on Jan. 7

Fig. 16  Calculated temperature fields on July 7
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3.4 Application instruction

Temperature load design entails computing the 
peak and trough temperature fields, which correspond 
to the maximum and minimum temperatures experi‐
enced by the structure in service. Additionally, the 
healing temperature field, representing the structure’s 
temperature during its creation, must be determined. 
Based on the analysis in Section 2.4, we set the envi‐
ronmental boundary conditions of the peak tempera‐
ture field to the maximum AT, the strongest solar radi‐
ation, and zero wind; the trough temperature field 
was uniformly set to 1 ℃ below the minimum AT. 
Temperature-rise and temperature-drop loads can be 
designed by

DTr = Tp - Th (17)
DTd = T t - Th (18)

where DTr and DTd are the temperature-rise and 
temperature-drop loads, and Tp, T t, and Th are the peak, 
trough, and healing temperature fields, respectively.

Taking the structure under study as an example, 
the roof was designated as either glass or opaque, with 
a solar radiation transmittance of 0.7 or 0. Healing times 
were set for 9:00, 12:00, and 15:00 on Mar. 1, 2021, 
which was the date when the AT would approach its 
annual midpoint. The application of the design method 
was illustrated by the six cases. The meteorological 
data (1922–2021) indicated that Beijing’s AT ranged 
from 42.6 to −27.4 ℃. Using the Hottel model (Hottel, 
1976), Beijing’s strongest solar radiation was identi‐
fied at 12:00 on June 18, with direct and diffuse inten‐
sities of 794.1 and 110.6 W/m2, respectively. We utilized 
this information to calculate the peak, trough, and heal‐
ing temperature fields. The non-uniform thermal loads 
designed for healing times on Mar. 1 are shown in 
Figs. 19 and 20. For the same healing time, temperature-
drop loads were consistent across roof types, but the 
temperature-rise load was greater for glass roofs com‐
pared to opaque ones due to differing peak tempera‐
ture fields. With varying healing times, thermal load 
distributions and ranges significantly differed due to 
diverse healing temperature fields. The glass roof ex‐
perienced more adverse temperature-rise loads than the 
opaque roof. In summary, the non-uniform thermal load 
distribution aptly depicts the temporal variation of the 
temperature field across the lifecycle, encompassing 
both construction and service phases.

4 Analysis of non-uniform thermal effect 

4.1 Uniform and non-uniform thermal effects

The above analysis reveals that the temperature 
variation in a single-layer spherical reticulated shell is 
non-uniform and time-variant, which is an aspect over‐
looked in traditional design methods that regard it as a 
uniform and slow process driven by AT. To assess the 
impact of uniform and non-uniform thermal loads on 
the structure, we conducted a comparative analysis 
using both the conventional method for uniform loads 
and the novel method proposed here for non-uniform 
loads, as outlined in Table 5. In line with the afore‐
mentioned sections, a single-layer spherical reticulated 
shell, as shown in Fig. 21, constructed in Beijing was 
designed for structural analysis, and Q345 steel pipes 
(Φ180 mm×6 mm) were used as principal members, 
with the structure supported by 16 concrete columns. 
The structure was assumed to be exposed to natural 

Fig. 18  Simulated and calculated results of temperature 
fields on July 7

Fig. 17  Simulated and calculated results of temperature 
fields on Jan. 7. Min: minimum
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conditions during healing and covered with an 
opaque roof in service. ANSYS is used to analyze the 
structural thermal effects under the given loads, us‐
ing Beam188 elements to simulate members, and 
bottom supports are modeled as hinged joints, with 
the created finite element model displayed in Fig. 21.

The uniform and non-uniform thermal effects were 
analyzed at healing times of 9:00, 12:00, and 15:00, 
for Mar. 1, 2021, and the results are summarized in 
Table 6. Under uniform thermal loads, the maximum 

Fig. 19  Non-uniform thermal loads for glass roof on Mar. 1

Fig. 20  Non-uniform thermal loads for opaque roof on Mar. 1

Table 5  Definition for four thermal loads

Load type

UTRL

UTDL

NTRL

NTDL

Definition
(T a

max - T a
min )/2

(T a
min - T a

max )/2

Tp - Th

T t - Th

UTRL, UTDL, NTRL, and NTDL are the uniform temperature-rise 
load, uniform temperature-drop load, non-uniform temperature-rise 
load, and non-uniform temperature-drop load, respectively; T a

max and 
T a

min are the historical maximum and minimum atmospheric temperatures, 
respectively
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member stress and nodal displacement were 44.6 MPa 
and 7.3 mm, reaching 14.4% and 9.7% of the design 
strength and deformation, respectively; under non-
uniform thermal loads, the maximum member stresses 
reached 53.8, 73.0, and 70.1 MPa, while the maxi‐
mum nodal displacements were 8.8, 11.1, and 11.3 mm, 
at healing times of 9: 00, 12: 00, and 15: 00, respec‐
tively. Uniform thermal effects were much stronger 
than non-uniform ones, with a maximum increment 
of more than 60%. This implies that non-uniform 
thermal loads enable a more comprehensive analysis 
of structural thermal effects, preventing potential 
safety hazards.

4.2 Influence of healing time on non-uniform thermal 
effect

Table 6 shows that the selected healing time 
directly influences the structural thermal effect. To 
study this impact, we used 8760 h of healing time 
(24×365) from 2021 to analyze thermal effects. Fig. 22 
shows the variation curves of the maximum member 
stress and nodal displacement under non-uniform 
temperature-rise loads (S r

max and Dr
max), and maximum 

member stress and nodal displacement under non-
uniform temperature-drop loads (S d

max and Dd
max) for heal‐

ing times on Mar. 1. As the peak and trough tempera‐
ture fields were established, the positive and negative 
temperature differences depended solely on the healing 
temperature field. At nighttime, since the healing tem‐
perature field was uniformly below the AT, the positive 
temperature difference exceeded the negative one, 
making the temperature-rise effect more prominent. In 
the daytime, the environmental boundary conditions 
directly affected the healing temperature field. First, 
as solar radiation strengthened, the healing tempera‐
ture field rose unevenly and the positive and negative 

temperature differences decreased and increased, re‐
spectively, making the enhanced temperature-drop 
effect stronger than the weakened temperature-rise 
effect; then, the healing temperature field peaked when 
the temperature-drop and temperature-rise effects were 
at their maximum and minimum, respectively; finally, 
with the weakening of solar radiation, the healing tem‐
perature field dropped non-uniformly and the positive 
and negative temperature differences became larger 
and smaller, respectively; thus the temperature-drop 
effect diminished and eventually became weaker than 
the progressively increasing temperature-rise effect. S r

max 
and Dr

max peaked at 57.1 MPa and 9.3 mm at 7:00, 
while maximums of S d

max and Dd
max reached 84.3 MPa 

and 13.0 mm at 13: 00. The results indicate that the 
temperature-drop load was the thermal control load 
on Mar. 1, and healing construction should avoid times 
with significant temperature-drop effects.

Fig. 23 presents the variation curves of daily max‐
imums of S r

max, S
d
max, D

r
max, and Dd

max for healing times in 
2021. The time-variant trends for daily maximums of 

Fig. 21  Finite element model for structural analysis

Table 6  Uniform and non-uniform thermal effects

Load 
type

UTRL

UTDL

NTRL

NTDL

Healing time

–

–

9:00, Mar. 1

12:00, Mar. 1

15:00, Mar. 1

9:00, Mar. 1

12:00, Mar. 1

15:00, Mar. 1

Maximum 
member
 stress
(MPa)

44.6

44.6

53.8

47.1

42.1

44.5

73.0

70.1

Maximum 
nodal

displacement 
(mm)

7.3

7.3

8.8

7.6

5.8

6.8

11.1

11.3

Fig. 22  Variations of non-uniform thermal effects for 
healing times on Mar. 1
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S r
max and Dr

max followed a fluctuating pattern of initial 
rise and subsequent fall, which is almost the exact in‐
verse of the patterns seen for daily maximums of S d

max 
and Dd

max. On Jan. 7, the daily maximums of S r
max and 

Dr
max peaked at 78.4 MPa and 12.8 mm, while those of 

S d
max and Dd

max peaked at 119.3 MPa and 19.7 mm on 
Aug. 10 and Aug. 7, respectively. The maximum member 
stress and nodal displacement under non-uniform ther‐
mal loads (119.3 MPa and 19.7 mm) were 267.5% 
and 269.9%, respectively, of those under uniform ther‐
mal loads (44.6 MPa and 7.3 mm). In addition, the non-
uniform thermal effects exhibited notable seasonal vari‐
ations in their change processes. Table 7 presents the 
non-uniform thermal effects corresponding to the four 
seasons and indicates that thermal effects were the 
most severe during summer healing days and the least 
intense during winter ones. Hence, it is advisable to 
schedule healing time in winter and avoid it in sum‐
mer. Temperature-drop loads appear to be the thermal 
control loads for most heating days throughout the year, 
barring a few winter days. For healing days governed 
by temperature-rise loads, the most adverse thermal 
effects typically occurred at night, when the healing 
temperature field was at its daily minimum. Therefore, 
it is recommended to schedule healing at midday, 
when the healing temperature field reaches its daily 

maximum. For the same reasons, for healing days con‐
trolled by temperature-drop loads, we suggest arranging 
the healing time at nighttime, when the healing tem‐
perature field is at its daily low. The healing construc‐
tion recommendations are summarized as follows:

1. Determine healing date: it is recommended to 
schedule the healing date during winter and avoid it 
in summer.

2. Determine healing time: for healing dates 
governed by temperature-rise loads, midday is the 
optimal time for healing, while for dates controlled 
by temperature-drop loads, healing is best scheduled 
at nighttime.

5 Conclusions 

In this study, we investigated the non-uniform 
thermal behavior of a single-layer spherical reticulated 
shell via numerical analysis, theoretical derivation, and 
experiments, and we proposed a design method for 
non-uniform thermal loading. Some conclusions can 
be drawn as follows:

1. Using a systematic numerical method and con‐
sidering practical environmental boundary conditions, 
shadow variations, and the dynamic coupling effect of 
environmental factors, long-term temperature changes 
in a single-layer spherical reticulated shell were simu‐
lated. The non-uniform distribution characteristics and 
time-variant regularity of the structure’s temperature 
field were analyzed from the perspective of seasonal 
and daily variations.

2. By integrating numerical analysis results, a sim‐
plified design method for non-uniform thermal loads 
of single-layer spherical reticulated shells was proposed 
via theoretical derivation. The method effectively eval‐
uates the impacts of time-varying environmental factors 
like non-uniform solar and longwave radiation absorp‐
tion, and convective heat transfer between the structure 
and flowing air, on the structure’s temperature field.

Table 7  Non-uniform thermal effects for healing times in the four seasons

Season

Spring

Summer

Autumn

Winter

Daily maximum of 
S r

max (MPa)

Average

42.5

27.0

43.5

62.1

Maximum

59.7

36.1

62.4

78.4

Daily maximum of 
S d

max (MPa)

Average

88.2

100.5

82.5

65.6

Maximum

111.8

119.3

112.7

95.8

Daily maximum of 
Dr

max (mm)

Average

6.9

4.4

7.1

10.1

Maximum

9.7

5.9

10.2

12.8

Daily maximum of 
Dd

max (mm)

Average

14.4

16.5

13.1

10.2

Maximum

18.3

19.7

18.4

14.9

Fig. 23  Variation curves of non-uniform thermal effects for 
healing times in 2021
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3. Verification experiments revealed a maximum 
temperature difference of 6.1 ℃ and a maximum error 
rate of 9.7% between the calculated and tested results. 
The distribution patterns of simulated and calculated 
temperature fields align, with the deviations not exceed‐
ing 6.0 ℃. Through comparative analysis, the design 
method’s accuracy and reliability were validated, and 
its application was demonstrated in several cases.

4. The design method was employed to examine 
non-uniform thermal effects on a single-layer spheri‐
cal reticulated shell. Under non-uniform thermal loads, 
the maximum member stress and nodal displacement 
reach 119.3 MPa and 19.7 mm, respectively, with an 
increase of 167.5% and 169.9% compared to uniform 
loads. Furthermore, the impacts of healing construction 
time on non-uniform thermal effects were assessed, 
leading to construction recommendations.
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